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Abstract
We investigate the baryon asymmetry in the supersymmetry Dine-Fischler-Srednicki-
Zhitnitsky axion model without R-parity. It turns out that the R-parity violating terms
economically explain the atmospheric mass-squared difference of neutrinos and the appro-
priate amount of baryon asymmetry through the Affleck-Dine mechanism. In this model,
the axion is a promising candidate for the dark matter and the axion isocurvature perturba-
tion is suppressed due to the large field values of Peccei-Quinn fields. Remarkably, in some
parameter regions explaining the baryon asymmetry and the axion dark matter abundance,
the proton decay will be explored in future experiments.
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1 Introduction
The Standard Model (SM) of elementary particle physics is very consistent with the experimen-
tal data up to TeV scale. However, neutrino oscillations reported in the SuperKamiokande [1],
strong CP problem, the excess of baryon over antibaryon in the current Universe, and the ab-
sence of a dark matter candidate in the SM indicate new physics beyond the SM. To explain
these phenomenological problems, we focus on the supersymmetry (SUSY) as an extension of
the SM.
So far, several models have been proposed to explain the nonvanishing neutrino masses as
represented by the seesaw mechanism, introducing the heavy right-handed Majorana neutrinos
in the SM [2, 3, 4, 5, 6]. Among supersymmetric models, the R-parity violating SUSY scenario
is the simplest approach to explain the tiny neutrino masses [7].1 Because of the R-parity viola-
tion, the lepton number violating interactions generate the neutrino masses without introducing
a new particle in the framework of SUSY. In addition, the R-parity violating interactions help
us to avoid cosmological gravitino and moduli problems such as the overabundance of the light-
est supersymmetric particle generated by the gravitino and moduli decays [9, 10, 11], although
the moduli are required to be heavier than O(100) TeV to realize a successful big-bang nucle-
osynthesis. However, the sizable R-parity violating interactions cause several cosmological and
phenomenological problems such as the unobservable proton decay, undetectable collider sig-
natures of supersymmetric particles and washing out the primordial baryon asymmetry. Thus
it is necessary to explain the smallness of R-parity violating interactions.
To explain the smallness of R-parity violating interactions, we focus on the SUSY Dine-
Fischler-Srednicki-Zhitnitsky (DFSZ) axion model [12]. In this model, the strong CP problem
in the quantum chromodynamics (QCD) can be solved using the Peccei-Quinn (PQ) mecha-
nism [13]. The Nambu-Goldstone boson called axion [14, 15] appears through the spontaneous
symmetry breaking of global U(1)PQ and dynamically cancels the CP phases in QCD. Further-
more this axion is a promising candidate for dark matter and its coherent oscillation explains
the current dark matter abundance [16]. Note that the SUSY DFSZ axion model controls the
size of the µ-term and the R-parity violating couplings by U(1)PQ symmetry. It is then im-
portant to explore whether or not enough baryon asymmetry is realized in such an extension
of the SM. In an inflationary era, the primordial baryon asymmetry is diluted away by the ac-
celerated expansion of the Universe [17, 18]. The baryon asymmetry, in particular the baryon
to photon ratio η ' 5× 10−10 required by the big-bang nucleosynthesis and cosmic microwave
background [19], should be created after inflation. To obtain the sizable baryon asymmetry
after inflation, we study the Affleck-Dine (AD) mechanism [20, 21] in the SUSY DFSZ axion
model without R-parity. Since PQ fields couple to the baryon/lepton number violating terms
to control the size of the R-parity violating couplings in this setup, it is nontrivial that the AD
mechanism produces the appropriate amount of baryon asymmetry.
The aim of this work is to reveal the origin of baryon asymmetry in the SUSY DFSZ
axion model without R-parity in comparison with the usual supersymmetric and R-parity
conserving axion models. In contrast to the R-parity violating AD mechanism proposed in
Ref. [22], the R-parity violating terms in our model couple to PQ fields. The dynamics of PQ
1For more details, see, e.g., Ref. [8].
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fields affects the magnitude of R-parity violation and the amount of baryon asymmetry.2 In
this regard, our model is different from Ref. [22]. We find that there exist some parameter
regions, explaining the current baryon asymmetry, the axion dark matter abundance, and
the smallness of µ- and R-parity violating terms. It is also consistent with the unobservable
proton decay, undetectable collider signatures of supersymmetric particles, washout of the
baryon asymmetry and one of the two mass-squared differences of neutrinos, corresponding to
the atmospheric mass-squared difference of neutrinos.3 Remarkably, in this model, the axion
isocurvature perturbation is suppressed because of the enhancement of the PQ breaking scale
in the early Universe. Furthermore, in some parameter regions explaining baryon asymmetry
and axion dark matter abundance, the proton decay will be explored in future experiments
such as the HyperKamiokande [25].
In particular, this model is economical in the point of view of explaining the atmospheric
neutrino mass data, the baryon asymmetry and the strong CP problem in supersymmetric
models. This is because we do not introduce a new field to explain the atmospheric neutrino
mass data and the baryon asymmetry in the SUSY DFSZ axion model and we do not impose
the discrete symmetry called R-parity which is usually imposed in supersymmetric models.
This paper is organized as follows. In Sec. 2, we consider the SUSY DFSZ axion model
without R-parity and show constraints on the R-parity violating couplings. In Sec. 3 we inves-
tigate the AD baryogenesis in more detail. Then we study the dynamics of the AD and PQ
fields and estimate the baryon asymmetry, taking account of the dilution of saxion decay. The
axion isocurvature perturbation is then suppressed. Finally, we conclude in Sec. 4.
2 Model and constraints from experiments
2.1 Setup
In this paper, we consider the SUSY DFSZ axion model in which the global U(1)PQ symme-
try and the PQ fields S0, S1, S2 are introduced adding to the Minimal Supersymmetric SM
(MSSM). 4 The gauge symmetry of the MSSM does not prohibit either the baryon or the lep-
ton number violating coupling in the superpotential. So-called R-parity is often assumed in the
MSSM to control these couplings since the proton lifetime easily becomes shorter than the ob-
servational bounds. In the SUSY DFSZ model, the U(1)PQ symmetry plays this role instead of
the conventional R-parity. It will be shown that the charge assignment of the U(1)PQ explains
not only the smallness of the baryon and lepton number violating couplings but also the size
of the µ-parameter.
2For the AD leptogenesis scenario with a varying PQ scale, see Ref. [23]. Also see Ref. [24], where the axion
inflaton affects the dynamics of AD field.
3We leave the derivation of another mass-squared difference called the solar mass-squared difference of
neutrinos to one of our future works.
4See, as a review, Ref. [26].
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S0 S1 S2 Hu Hd ui di Qi ei Li
PQ 0 1 −1 −1 −1 −1 −1 2 3 −2
B 0 0 0 0 0 −1/3 −1/3 1/3 0 0
Table 1: PQ charges and baryon numbers of fields.
We assume the following superpotential:
W = WMSSM +WRp/ +WPQ, (1)
WMSSM = y
u
ijuiQjHu − ydijdiQjHd − yeijeiLjHd +
y0S
2
1
MP
HuHd, (2)
WRp/ =
yiS
3
1
M2P
LiHu +
γijkS1
MP
LiLjek +
γ′ijkS1
MP
LiQjdk +
γ′′ijkS
3
1
M3P
uidjdk, (3)
WPQ = κS0(S1S2 − f 2), (4)
where i, j, k = 1, 2, 3 are family indices. The Higgs fields, quarks, and leptons are the usual
representations of the MSSM gauge group, and the PQ fields are singlet under the MSSM gauge
group. y0, yi, γijk, γ
′
ijk, γ
′′
ijk, κ are dimensionless parameters which are typically of O(1).
The PQ charges and also the baryon numbers of each field are listed in Table 1. f in WPQ
is the present PQ breaking scale and MP ' 2.4× 1018 GeV is the reduced Planck mass. When
we arrange the PQ fields to S1 = Se
A/f , S2 = Se
−A/f , A behaves as the axion superfield. WPQ
induces a spontaneous symmetry breaking of U(1)PQ at the minimum 〈S〉 ' f . The present
effective superpotential after the symmetry breaking is given by
Weff =WYukawa + µ0e
2A/fHuHd + µie
3A/fLiHu
+ λijke
A/fLiLjek + λ
′
ijke
A/fLiQjdk + λ
′′
ijke
3A/fuidjdk, (5)
where WYukawa denotes the Yukawa coupling terms in Eq. (2) and
µ0 =
y0f
2
MP
, µi =
yif
3
M2P
,
λijk = γijk
(
f
MP
)
, λ′ijk = γ
′
ijk
(
f
MP
)
, λ′′ijk = γ
′′
ijk
(
f
MP
)3
(6)
are defined. For f = 9.0× 1011 GeV, y0 = yi = 1, γijk = γ′ijk = 1 and γ′′ijk = 1, we obtain
µ0 = 3.4× 105 GeV, µi = 1.3× 10−1 GeV,
λijk = 3.8× 10−7, λ′ijk = 3.8× 10−7, λ′′ijk = 5.3× 10−20. (7)
Thus, the smallness of the µ-parameter is explained by the Kim-Nilles mechanism [27], and at
the same time the R-parity violating couplings are suppressed by the Froggatt-Nielsen mecha-
nism [28] by the U(1)PQ assignment. The baryon number violating coupling constants λ
′′
ijk are
highly suppressed, whereas the lepton number is sizably violated. These facts lead to stability
under the single nucleon decay [29] and suppress effects from the washing out of the baryon
asymmetry [30, 31, 32, 33]. It may be possible that one imposes flavor-dependent assignment
of the U(1)PQ, which is related to the flaxion models proposed by Refs. [34, 35, 36].
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2.2 Constraints on the R-parity violating couplings
We briefly review experimental constraints on the R-parity violating terms. In the following, we
enumerate only some severe bounds on the R-parity violating couplings. A more comprehensive
review is written in Ref. [8]. We comment on the relation between these constraints and our
models in Sec. 2.2.3.
2.2.1 Proton decay
The observations of single nucleon decay give an important constraint on the trilinear R-parity
violating terms [29]. A coexistence of the baryon and the lepton number violating operators
induces a decay p→ pi0l+ mediated by a d˜R squark in an s-channel which has not been detected
so far, thus giving the upper bounds on the trilinear R-parity violating couplings [37, 38],
|λ′imkλ′′∗11k| < O(1)× 10−25
(
md˜
5 TeV
)2
, (8)
where i, k = 1, 2, 3,m = 1, 2, and md˜ is the typical down-type squark mass. The upper bounds
are very severe, but the U(1)PQ-charge assignment leads to λ
′λ′′ ∼ 10−26, so the proton lifetime
is longer than the bound.
2.2.2 Baryon washout
Other upper bounds on the trilinear R-parity violating terms come from the observation of
baryon asymmetry. If the baryon asymmetry is produced before the electroweak phase transi-
tion and the sphaleron process [39] is in the thermal equilibrium, the R-parity violating terms
would erase the existing baryon asymmetry [30, 31, 32, 33]. To avoid these effects, the trilinear
R-parity violating couplings are upper bounded by
λ, λ′, λ′′ < 4× 10−7
(
mf˜
1 TeV
)1/2
, (9)
where mf˜ is the typical mass of the sfermions.
2.2.3 Neutrino masses
We next focus on the bilinear R-parity violating couplings µi. Constraints on the R-parity
violating couplings come from the cosmological observations on neutrino masses because the bi-
linear R-parity violation gives rise to the neutrino mass. When we choose the basis in which the
vacuum expectation values (VEVs) of sneutrinos vanish and the Yukawa couplings of charged
lepton are diagonal, the effective neutrino mass matrix at tree level is generated by the bilinear
R-parity violating terms [40],
Mνtree ' −
mνtree
Σ3i=1µ
2
i
 µ21 µ1µ2 µ1µ3µ1µ2 µ22 µ2µ3
µ1µ3 µ3µ2 µ
2
3
 . (10)
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The size of neutrino mass mνtree is given by
mνtree '
m2Z(cos
2 θWM1 + sin
2 θWM2)
M1M2(1 + tan
2 β)
tan2 ξ, (11)
where mZ , M1, M2 are the Z boson mass, the bino masse and the wino mass respectively,
and θW is the Weinberg angle. tan β = vu/vd is the ratio between the VEVs of two Higgs fields
vu, vd and
tan2 ξ ' µ
2
1 + µ
2
2 + µ
2
3
µ20
. (12)
Since the rank of the mass matrix is 1, one of the neutrinos acquires a mass at tree level.
Although the other two neutrinos acquire masses by quantum corrections [41, 42], the detailed
analysis of the other neutrino masses is beyond the scope of this paper. Indeed, one of the
neutrino mass-squared differences can be explained by the bilinear R-parity violating terms,
observed by the atmospheric neutrino observation [43]√
∆m2A ' 5× 10−2 eV. (13)
If we explain the atmospheric neutrino observation without tuning of the dimensionless param-
eters, the size of neutrino mass mνtree is constrained as mνtree . 5× 10−2 eV which leads to the
constraint on the bilinear R-parity violating couplings,∑
i
µ2i . 6.0× 10−12 eV(1 + tan2 β)
(
M2
1 TeV
)
µ20. (14)
In addition, the cosmological bound on neutrino masses
∑
imνi . 0.11 eV (mνtree .
0.11 eV) [44] leads to another constraint on the bilinear R-parity violating couplings,∑
i
µ2i . 1.3× 10−11(1 + tan2 β)
(
M2
1 TeV
)
µ20. (15)
In our model, the R-parity violating couplings (7) avoid the constraints of Eqs. (8), (9),
(14), and (15). Furthermore, the bilinear R-parity violating couplings can explain atmospheric
mass-squared difference of neutrinos in some region of dimensionless parameters. Furthermore,
in the low-scale SUSY scenario, we may observe the single nucleon decay for f ' 1012 GeV in
future experiments such as HyperKamiokande [25].
In addition, values in Eqs.(7) are derived under the choice of f = 9.0× 1011 GeV and hence
is, in general, dependent on f . One can derive the bound on f from constraints on the R-parity
violating terms under y, γ, γ′, γ′′ = 1. If the masses of all of the supersymmetric particles are
the same, the severest constraint on f comes from Eq. (9),
f < 9.6× 1011 GeV
(
mf˜
1 TeV
)1/2
. (16)
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3 Affleck-Dine baryogenesis in the SUSY DFSZ axion
model with the R-parity violating terms
In this section, we study the Affleck-Dine mechanism exploiting the R-parity violating terms in
the SUSY DFSZ axion model. A notable point of our scenario is that the AD field couples to the
PQ field and their dynamics are affected by each other. This behavior makes a different amount
of baryon asymmetry from the conventional one. In the following, we will take parameters
which are consistent with the allowed region to explain the atmospheric neutrino mass-squared
difference in Sec. 2.3.
3.1 Affleck-Dine mechanism
Here and in the following, we consider the Affleck-Dine baryogenesis exploiting one of the uidjdk
directions of the scalar potential.5. We consider one of the udd D-flat directions as the so-called
AD field namely
u =
1√
3
φ, d =
1√
3
φ. (17)
In the next subsection, the potential for the AD field and the PQ fields is derived. The
dynamics of the AD/PQ fields during inflation is studied in Sec. 3.1.2. After inflation, we
show their dynamics in an era H > mφ (H ' mφ) in Sec. 3.1.3 (3.1.4). The resultant baryon
asymmetry is extracted in Sec. 3.1.4. We will apply the following method to the Affleck-Dine
mechanism using other D-flat directions. However, it is especially nontrivial for the Affleck-Dine
mechanism via the LHu directions based on the charge assignment in Table 1. This is because
the LHu directions are related to the µ-term(HuHd direction), which gives a non-negligible
contribution to the scalar potential for the AD field in comparison to the conventional case.
The potentials of other D-flat directions, including the u¯d¯d¯ direction treated in this paper, do
not receive this contribution.
3.1.1 Potential for the AD/PQ fields
We assume that the other D-flat directions have positive mass terms, so that we ignore effects
from these directions in the following discussion. Note that some other D-flat directions coupled
with the PQ fields will be available for the Affleck-Dine mechanism. For more details, see
Appendix A, where we discuss the AD mechanism with general couplings between PQ field S1
and AD field φ. The generalized setup can be applied to the R-parity conserving case. The
potential of the AD field and PQ fields depends on SUSY-breaking scenarios and it is important
for the AD mechanism how these fields couple to the inflaton. In this paper, we assume the
gravity-(or anomaly-)mediated SUSY-breaking scenario, together with the F -term inflation. In
5If we impose the lepton number of S1 as
1
3 , the AD baryogenesis via uidjdk cannot work. However, it may
be possible that a certain baryon asymmetry is produced by other directions of the potential, e.g. LiQjdk,
based on a charge assignment different from the one in Table 1 The detailed calculation is one of the future
works.
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the gauge-mediated SUSY-breaking scenario, it is nontrivial that the AD mechanism works in
this model. This is because the scalar potential is modified by the effect of the gauge-mediated
supersymmetry breaking [45].
Let us consider the following superpotential:
W = Winf(I) +WRp/ (S1, φ) +WPQ +Wmix,
WRp/ (S1, φ) = −
γS31φ
3
3M3P
, WPQ = κS0(S1S2 − f 2), (18)
where Winf(I) is the superpotential for the inflaton I, WRp/ (φ) originates from the last term in
Eq.(3) , and Wmix stands for possible mixing terms between the inflaton and the AD/PQ fields.
Here κ is a coupling constant. Since the udd direction has a flavor dependence, γ represents
for one of γ′′ijk.
The supergravity scalar potential is given by [46]
V = eK/M
2
P
[
(DaW )K
ab(DbW )−
3
M2P
|W |2
]
, (19)
with
DaW =
∂W
∂Φa
+
∂K
∂Φa
W
M2P
, Kab =
(
∂2K
∂Φa∂Φb∗
)−1
, (20)
where Φa,b = I, φ, S0, S1, S2, and K is the Ka¨hler potential. We assume the following Ka¨hler
potential with nonminimal couplings,
K =
∑
a
Φa†Φa +
α
M2P
φ†φI†I +
β
M2P
S†1S1I
†I +O(M−3P ), (21)
where the coupling constants α, β are introduced. Here S0 and S2 have only the minimal Ka¨hler
potential.
The inflaton scalar potential is given by
Vinf ' eK/M2P
(
FIK
IIF ∗
I
− 3
M2P
|Winf(I)|2
)
. (22)
If α, β & 1, the Hubble-induced mass terms are provided by the F -term of the inflaton,
VHubble ' c0H2|S0|2 − c1H2|S1|2 + c2H2|S2|2 − c3H2|φ|2, (23)
where c0, c1, c2, c3 are positive constants and H is the Hubble parameter. The signs of the mass
terms indicate that S0 and S2 acquire large positive masses during inflation. There are also
soft SUSY-breaking mass terms,
Vsoft = m
2
0|S0|2 +m21|S1|2 +m22|S2|2 +m2φ|φ|2. (24)
7
Next, let us consider the contributions from WRp/ (S1, φ), WPQ and Wmix. The F -term scalar
potential is given by
VF = |κ|2|S1S2 − f 2|2 +
∣∣∣∣κS0S2 − γS21φ3M3P
∣∣∣∣2+|κ|2|S0S1|2 + |γ|2|S1|6|φ|4M6P . (25)
In our study, we assume that |I| MP and the dynamics of the inflaton is basically separated
from those of the AD/PQ fields. Even in this case, the F -term of the inflaton FI may give
significant effects to the dynamics of the AD/PQ fields. Let us consider the following mixing
superpotential:
Wmix = α
′ I
MP
WRp/ (S1, φ) + β
′ I
MP
WPQ, (26)
where α′, β′ are coupling constants. This superpotential induces the potential,(
α′WRp/ (S1, φ) + β
′WPQ
)
F ∗I
MP
+ H.c., (27)
which are not suppressed even for |I|  MP . Therefore we expect that there are Hubble-
induced couplings in the scalar potential. In addition, there are soft SUSY-breaking terms,
generating from the mixing superpotential,
VA =(aHH + amm3/2)WRp/ (S1, φ) + (bHH + bmm3/2)WPQ + H.c.
=− (aHH + amm3/2)γS
3
1φ
3
3M3P
+ (bHH + bmm3/2)κS0(S1S2 − f 2) + H.c., (28)
where aH , bH stand for the Hubble-induced couplings and am, bm are soft SUSY-breaking cou-
plings. The size of the soft SUSY-breaking terms is represented by the gravitino mass m3/2 as
usual in the gravity mediation.
Finally, the whole scalar potential is given by collecting the above contributions,
V = VHubble + Vsoft + VF + VA. (29)
3.1.2 Dynamics of the AD/PQ fields during inflation
In this section, we show the dynamics of the AD/PQ fields during inflation. We find a minimum
of the scalar potential and consider the dynamics of the AD/PQ fields around the minimum.
The details of the calculation are shown in Appendix A.
During inflation, H  m3/2, the soft SUSY-breaking terms can be neglected. We first focus
on the phase-dependent part of the potential. The fields can be decomposed to
φi = φˆie
iθφi , φi = S0, S1, S2, φ, (30)
8
where φˆi and θφi are real fields. The phase-dependent scalar potential is given by
Vphase =− 2κˆ2f 2Sˆ1Sˆ2 cos (θS1 + θS2)− 2κˆγˆ
Sˆ0Sˆ
2
1 Sˆ2φˆ
3
M3P
cos (θS0 + θS2 − 2θS1 − 3θφ + ζ)
+ 2κˆbˆH(HSˆ0)Sˆ1Sˆ2 cos (θS0 + θS1 + θS2 + η)− 2κˆbˆHf 2(HSˆ0) cos (θS0 + η)
− γˆaˆHH Sˆ
3
1 φˆ
3
3M3P
cos (3θS1 + 3θφ + ξ), (31)
where the coupling constants with a hat stand for their absolute values and ζ ≡ Arg(κ∗γ),
η ≡ Arg(κbH) and ξ ≡ Arg(γaH) are defined. The first line comes from the F -term potential
VF and the last two lines come from the Hubble-induced A-terms in VA. If H〈Sˆ0〉  f 2, as
shown later, the second line can be neglected and the minimum of the phases are placed at
〈θS1 + θS2〉 ' 0,
〈θS0 + θS2 − 2θS1 − 3θφ〉 ' −ζ,
〈3θS1 + 3θφ〉 ' −ξ. (32)
Under this condition, the extremal condition for the radial directions ∂V/∂φˆi = 0 has a solution:
〈Sˆ0〉 = κˆ〈Sˆ2〉
κˆ2〈Sˆ1〉2 + κˆ2〈Sˆ2〉2 + c0H2
γˆ〈Sˆ1〉2〈φˆ〉3
M3P
,
〈Sˆ2〉 ' f
2
〈Sˆ1〉
, 〈Sˆ1〉 ' k〈φˆ〉,
〈φˆ〉 '
(
kaˆH +
√
k6aˆ2H + 4c1(2k
2 + 3k4)
2(2k2 + 3k4)
HM3P
γˆ
) 1
4
, (33)
where k is an O(1) constant which depends on aˆH , c1, c3. At this minimum, our assumption
prior to the estimation,
H〈Sˆ0〉 . f 2H/φˆ f 2, (34)
is satisfied, and the estimation is self-consistent as long as H MP .
Since the masses of AD/PQ fields mφi (φi = S0, S1, S2, φ) at the extrema are estimated
by using Eqs. (29) and (33),
mS0 ' mS2 ' 〈Sˆ1〉  |mS1|, |mφ| ' H, (35)
S0 and S2 are expected to have large positive mass terms and to be fixed at the minimum
during inflation. The curvature along the Sˆ1, φˆ directions is determined by the mass matrix,
1
2

∂2V
∂Sˆ1∂Sˆ1
∂2V
∂Sˆ1∂φˆ
∂2V
∂φˆ∂Sˆ1
∂2V
∂φˆ∂φˆ
 . (36)
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Approximately, if |aH |  c1, c3, the curvature is positive which is confirmed by numerical
calculation. As long as this condition is satisfied, the AD field φ and the PQ field S1 have
masses of O(aˆHH). Therefore, all of the AD/PQ fields will settle at the minimum during
inflation.
At the end of this subsection, we comment on the axionic isocurvature perturbation [47, 48,
49, 50] and the baryonic isocurvature perturbation [51, 52, 53, 54, 55]. If there is no Hubble-
induced A-term with aHH, the phase direction 3θS1 +3θφ+ξ becomes massless. Then the large
baryonic isocurvature perturbation is induced. In our model, the phase direction 3θS1 + 3θφ + ξ
has a mass of O(H). This avoids the problematic baryonic isocurvature perturbation. The
axionic isocurvature perturbation will also be so suppressed by the large VEVs of PQ and AD
fields that the model is consistent with the Planck observations [44].6 The axionic isocurvature
perturbation is discussed in more detail in Sec. 3.3.
3.1.3 Dynamics of the AD/PQ fields after inflation: H > mφ
After the end of inflation, the inflaton starts to oscillate around Imin and the effect of Hubble-
induced A-term aHH on the dynamics of the AD/PQ fields turns off. In this era, the Universe
is dominated by the oscillation energy and the Hubble parameter evolves as H = 2/(3t). The
Ka¨hler potential and superpotential are approximately
Kinf =|I|2 + · · · = I∗minδI + IminδI† + |δI|2 +O(δI3),
W =
1
2
Minf(I − Imin)2 + ... = 1
2
MinfδI
2 +O(δI3), (37)
where δI = I−Imin, and Minf is the inflaton mass. Since FI = −MinfδI† and the Hubble-induced
A-term aHH originates from FI , aH diminishes rapidly after the F -term inflation [55, 58] as
long as the inflaton oscillates in the period M−1inf , which is shorter than the Hubble time H
−1.
The suppression factor is estimated as [58]
H
Hinf
, (38)
where Hinf is the Hubble parameter during inflation. The Hubble-induced A-term with aHH
after inflation is given by
γaHH
2S31φ
3
3HinfM3P
+ H.c.. (39)
Eventually, this Hubble-induced A-term diminishes as time evolves. The point in Eq. (33) is no
longer the minimum of the potential and the value of this extrema changes. Then the AD/PQ
fields start to roll down. Since Eqs. (29),(33), and (35) show that S0 and S2 are heavier than
S1 and φ until 〈Sˆ1〉 is larger than f , we assume that S0 and S2 are fixed at the minimum in
6For more recent works on axion isocurvature perturbations, see e.g., Refs. [56, 57].
10
this epoch. The dynamics of S1, φ obey the following equations of motion:
d2S1
dt2
+
2
t
dS1
dt
+
∂V
∂S†1
= 0,
d2φ
dt2
+
2
t
dφ
dt
+
∂V
∂φ†
= 0. (40)
The soft SUSY-breaking terms can also be neglected until H ∼ mφ ∼ m3/2.
We numerically solve the equations. Let us introduce new parameters z, s1, and χ, defined
as
z = logHinft, S1 = s1
(
2HinfM
3
P
3γˆ
e−z
) 1
4
, φ = χ
(
2HinfM
3
P
3γˆ
e−z
) 1
4
, (41)
from which Eq. (40) becomes
∂2s1
∂z2
+
1
2
∂s1
∂z
−
(
4c1
9
+
3
16
)
s1 +
8
9
|s1|2|χ|6s1 + 4
3
|s1|4|χ|4s1 − 8aˆH
27
e−z−iξs†21 χ
†3 = 0,
∂2χ
∂z2
+
1
2
∂χ
∂z
−
(
4c3
9
+
3
16
)
χ+
4
3
|s1|4|χ|4χ+ 8
9
|s1|6|χ|2χ− 8aˆH
27
e−z−iξs†31 χ
†2 = 0. (42)
The time variations of s1 (with s1R = Re(s1), s1I = Im(s1)) and χ (with χR = Re(χ), χI =
Im(χ)) are shown in the left panel and the right panel of Fig. 1, respectively. The red (blue
dashed) line represents the real (imaginary) part of scalar field. For concreteness, γˆ = 1, aˆH =
5, c1 = 1/4, c3 = 1/5, ξ = 0 are assumed. Then, k is estimated as k ' 1 for aˆH  c1, c3. Since
the variations of field values depend on the Hubble parameter during inflation Hinf , we assume
that the Hubble parameter during inflation is fixed at Hinf = 10
11 GeV, which is consistent
with the isocurvature perturbation discussed in Sec. 3.3. The initial conditions at inflation end
t = tend = H
−1
inf (z = log(2/3)) are
θs1 |z=log(2/3) =
2pi
3
, θφ|z=log(2/3) = −2pi
3
(43)
and
∂s1
∂z
∣∣∣∣
z=log(2/3)
= 0,
∂χ
∂z
∣∣∣∣
z=log(2/3)
= 0. (44)
In addition, the initial conditions of |s1|, |χ| are extracted from Eq. (33),
|s1||z=log(2/3) = k|χ||z=log(2/3), |χ||z=log(2/3) =
(
kaˆH +
√
k6aˆ2H + 4c1(2k
2 + 3k4)
2(2k2 + 3k4)
) 1
4
. (45)
Hereafter we take k = 1.
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The trajectories start from t = H−1inf (z = log(2/3)) and evolve to t = m
−1
φ ' 1 TeV−1 (z '
18). Finally, s1, χ at H ' mφ ' 1 TeV(z ' 18) have the following values,
s1R ' −23.6, s1I ' 40.9, χR ' −7.17× 10−3, χI ' −1.24× 10−3,
∂zs1R ' −8.29, ∂zs1I ' 14.4, ∂zχR ' 1.14× 10−2, ∂zχI ' 1.97× 10−2. (46)
These values give initial values for the dynamics at H ' mφ which is analyzed in the next sub-
section. The numerical calculation indicates that |s1| increases by O(10), while |χ| diminishes
by O(103) as the time evolution for c1 > c3. This result will not depend on the parameters or
the initial values, except for c1, c3 sensitively. However, the variations due to the dynamics will
decrease for smaller Hinf and c1, c3. Note that S1 does not dominate the energy density of the
Universe. Although |s1| increases during the time mφ . H, the field value of Sˆ1 is still smaller
than the reduced Planck mass,
Sˆ1 MP . (47)
Thus, the inflaton dominates the Universe during mφ . H,
ρS1 ∼ H2Sˆ21  ρinf ∼ 3H2M2P . (48)
In addition, the dynamics of |s1| and |χ| are characteristic for the c1 = c3 case. Although the
point in Eq. (33) becomes a saddle point after inflation, |s1| and |χ| oscillate around the ridges
of the saddle point. Because of the large field values of Sˆ1 and φ, the quantum fluctuations of
Sˆ1 and φ will not affect the dynamics of |s1| and |χ| at the time mφ . H. Fig. 2 shows the
time variations of s1 and χ for c1 = c3 = 1. The values of the other parameters and the initial
conditions are the same as in Fig. 1. From this perspective, we confirm that both |s1| and |χ|
stay around the O(1) values.
In the c1 < c3 case, we find that |s1| decreases while |χ| increases in typical parameter
spaces. Since we must consider the dynamics of S2 for small |s1|, the dynamics of AD/PQ
fields after inflation are complicated and we leave them to a future work. In the next section,
we therefore concentrate on two cases c1 > c3 and c1 = c3, by estimating the dynamics of S1, φ
for H ' mφ.
3.1.4 Dynamics of the AD/PQ fields at H ' mφ and baryon asymmetry
In this subsection, we consider the dynamics of the AD/PQ fields at H ' m3/2 and finally
estimate the amount of baryon asymmetry. At this epoch, the soft supersymmetry-breaking
effect becomes important. The AD/PQ fields eventually start to oscillate around the minimum:
〈Sˆ0〉 = κˆ〈Sˆ2〉
κˆ2〈Sˆ1〉2 + κˆ2〈Sˆ2〉2 + c0H2
γˆ〈Sˆ1〉2〈φˆ〉3
M3P
= 0,
〈Sˆ1〉 ' f, 〈Sˆ2〉 ' f, 〈φˆ〉 = 0. (49)
Then S0 and the scalar field orthogonal to the flat direction S1S2 = f
2 have masses of order
of f . These masses are heavier than the scale of soft mass O(m3/2) which is the same order
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Figure 1: The time variations of s1, χ for c1 > c3 during mφ < H. In the left panel, we draw
the time variations of (s1R, s1I), whereas, in the right panel, we draw the time variations of
(χR, χI). The red (blue dashed) line represents the real (imaginary) part of the scalar field. We
set the parameters as γˆ = 1, aˆH = 5, c1 = 1/4, c3 = 1/5, and ξ = 0, and the initial conditions as
θs1|t=tend = 2pi3 , θφ|t=tend = −2pi3 and ds1dt |t=tend = 0, dχdt |t=tend = 0. We draw these time variations
from Hinf ' 1011 GeV(z ' log(2/3)) to H ' mφ ' 1 TeV(z ' 18).
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Figure 2: The time variations of s1, χ for c1 = c3 during mφ < H. In the left panel, we draw
the time variations of (s1R, s1I), whereas, in the right panel, we draw the time variations of
(χR, χI). The red (blue dashed) line represents the real (imaginary) part of the scalar field. We
set c1 = c3 = 1 and ξ = 0. The values of the other parameters and the initial conditions are
the same as in Fig. 1. We draw these time variations from Hinf ' 1011 GeV(z ' log(2/3)) to
H ' mφ ' 1 TeV(z ' 18).
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of mφ. Thus, following the previous section, we can set S1S2 = f
2 and Sˆ0 as Eq. (33). In the
following, we consider only the dynamics of S1 and φ in this epoch. Since the masses of S1 and
φ are positive, S1 and φ will go to the minimum (Eq. (49)). Because S1 and φ will be damped
enough, the potential of the AD field will be approximated as a quadratic one which does not
depend on the PQ fields. Thus the amount of baryon asymmetry will be conserved after S1 ' f
because we neglect CP-violating terms. The above statement is numerically confirmed in the
following analysis.
First, let us analytically consider the dynamics of S1, φ and estimate the amount of baryon
asymmetry. The baryon number density is given by
nB =
i
3
(
dφ∗
dt
φ− φ∗dφ
dt
)
=
2
3
|φ|2dθφ
dt
. (50)
It obeys the following equation of motion using the one of φ,
dnB
dt
+ 3HnB = Im
(
∂V
∂φ
φ
)
, (51)
and in the integral form, we obtain
R(t)3nB(t) =
∫ t
tinf
dt′R(t′)3Im
(
γamm3/2S
3
1φ
3
3M3P
)
=
∫ tosc
tinf
dt′R(t′)3Im
(
γamm3/2S
3
1φ
3
3M3P
)
+
∫ t
tosc
dt′R(t′)3Im
(
γamm3/2S
3
1φ
3
3M3P
)
, (52)
where R is the scale factor of the Universe, and tinf ∼ H−1inf is the time at the end of inflation. φ
starts to oscillate after the time tosc defined as Hosc = 2/(3tosc) ∼ mφ. The CP-violating factor
is defined as δeff = sin(ξ + 3θS1 + 2θφ). As explicitly checked in the numerical calculation, the
second integration on the second line of Eq. (51) gives small effects to the baryon asymmetry
since the sign phase factor δeff changes rapidly after the AD/PQ fields φ, S1 start to oscillate.
As a result, the baryon number in Eq. (52) will be fixed at t = tosc and the baryon number
density at t = tosc is estimated as
nB(tosc) ' 1
3
aˆmm3/2δeff
(
m3/2M
3
P
γˆ
) 1
2
, (53)
where  is defined as
 = Sˆ1(tosc)
3φˆ(tosc)
3
(
m3/2M
3
P
γˆ
)− 3
2
. (54)
To check the above statements, we numerically solve the equations of motion of S1, φ and
estimate the trajectories and the baryon asymmetry for H . mφ. Here we assume that the
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inflaton still dominates the Universe, namely the matter-dominated Universe. Reparametrizing
again as
S1 → S1
(
m3/2M
3
P
γˆ
) 1
4
,
φ→ φ
(
m3/2M
3
P
γˆ
) 1
4
, (55)
Eq. (40) approximately becomes
d2S1
dt2
+
2
t
dS1
dt
+ 2m23/2Sˆ1
2
φˆ6S1 + 3m
2
3/2Sˆ
4
1 φˆ
4S1 − amm23/2S†21 φ†3
+
(
m21 −
4c1
9t2
)
S1 −
(
m22 +
4c2
9t2
)
f 4
m3/2M3P Sˆ
4
1
S1 = 0,
d2φ
dt2
+
2
t
dφ
dt
+ 3m23/2Sˆ
4
1 φˆ
4φ+ 2m23/2Sˆ1
6
φˆ2φ− amm23/2S†31 φ†2 +
(
m2φ −
4c3
9t2
)
φ = 0, (56)
from which the oscillation time is extracted as tosc = 2c
1/2
3 /(3mφ). Here we set m1 = m2 =
m3/2, κ = γ = 1 for simplicity. In the following analysis, we numerically solve Eq. (56) from
the time tosc.
First, let us consider the case with c1 > c3. We solve Eq. (56) and draw the trajectories
of (S1R = Re(S1), S1I = Im(S1)) in the right panel of Fig.3 and the trajectories of (φR =
Re(φ), φI = Re(φ)) in the left panel of Fig. 3. Here we set the parameters as mφ = 1, aˆm =
c2 = 1, c1 = 1/4, c3 = 1/5, arg(am) = pi/3, f = 10
9 in units of m3/2 = 10
3 GeV = 1 and
the initial conditions as in Eq. (46). We take the initial time as tosc = 2c
1/2
3 /(3mφ). Fig. 3
shows that the AD field φ and the PQ field S1 go to the minimum (49). Then we can estimate
 ' 3.1 × 10−4 numerically, and the ratio of the numerical value in Eq. (52) to the analytical
value in Eq. (53) is shown in Fig. 4. It turns out that the numerical value coincides with the
analytical one in Eq. (53) with δeff = 1 after the AD/PQ fields start to oscillate. However, we
find that the numerical value is a little smaller than the analytical estimation and the ratio of
the numerical value to the analytical one becomes O(10) in other parameter regions. This is
because the rotation of φ is complicated as in Fig. 3, and then the baryon number in Eq. (52)
is not exactly fixed at tosc. The mass of θφ is heavier than the mass of θS1 because in Fig. 1,
the field value of φˆ decreases while Sˆ1 increases and the field value of φˆ is smaller than the one
of S1. For this reason, θφ moves whereas θS1 does not as shown in Fig. 3.
Similarly, we numerically solve Eq. (56) and draw the trajectories of S1, φ in Fig. 5 for the
c1 = c3 case. Here we set c1 = c3 = 1, and the values of the other parameters are the same as
in Fig. 3. The initial conditions of S1, φ are set by the values of s1, χ at z = 18. Then we can
estimate  ' 2.4 × 10−1 numerically, and the ratio of the numerical value in Eq. (52) to the
analytical one in Eq. (53) is shown in Fig. 6. We also find that the numerical value coincides
with the analytical one in Eq. (53) with δeff = 1 after the AD/PQ fields start to oscillate. In
this case, the mass of θφ is comparable to the mass of θS1 because the field value of φˆ is the
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Figure 3: The dynamics of S1, φ for c1 > c3 during H < mφ. In the left (right) panel,
we draw the trajectories of (S1R, S1I) ((φR, φI)) as a function of z. We set the parameters as
γˆ = 1, aˆm = c2 = 1, c1 = 1/4, c3 = 1/5, f = 10
9 in units of m3/2 = 10
3 GeV = 1, arg(γam) = pi/3
and the initial conditions as in Eq. (46).
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Figure 4: The time evolution of the ratio between the numerical value R(t)3n(t) (52) and
R3(tosc)n(tosc) (53) for c1 > c3. The horizontal axis corresponds to mφt. Here we set  =
3.1× 10−4 and δeff = 1. The parameters are the same as in Fig. 3.
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γˆ = aˆm = c1 = c2 = c3 = 1, f = 10
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Figure 6: The time evolution of the ratio between the numerical value R(t)3n(t) (52) and
R3(tosc)n(tosc) (53) for c1 = c3 = 1. The horizontal axis corresponds to mφt. Here we set
 = 2.4× 10−1 and δeff = 1. The parameters are the same as in Fig. 5.
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same order as the one of Sˆ1. As a result, the phases of S1 and φ rotate at the same time (drawn
in Fig. 5).
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The ratio of the baryon number density nB to the entropy density s after the reheating
(t = treh) is
nB
s
=
1
s(treh)
(
R(tosc)
R(treh)
)3
nB(tosc)
=
aˆmm3/2δeffTreh
12M2Pm
2
φ
(
mφM
3
P
γˆ
) 1
2
, (57)
where Treh is the reheating temperature. Then the AD field decays and its energy density
converts into radiation [59]. Thus, the baryon asymmetry is estimated as
nB
s
=
aˆmm3/2δeffTreh
12M2Pm
2
φ
(
mφM
3
P
γˆ
) 1
2
'

0.53× 10−10
(
Treh
105 GeV
)(
1
γˆ
) 1
2
(
m3/2
mφ
)(
mφ
1 TeV
)− 1
2
for c1 =
1
4
, c3 =
1
5
,  = 3.1× 10−4
0.40× 10−10
(
Treh
102 GeV
)(
1
γˆ
) 1
2
(
m3/2
mφ
)(
mφ
1 TeV
)− 1
2
for c1 = c3 = 1,  = 2.4× 10−1
,
(58)
where we set aˆm = 1 and δeff ' 1. It is remarkable that the obtained baryon asymmetry is very
consistent with its current observed value and the tiny neutrino mass, simultaneously. The
amount of baryon asymmetry is different from the AD mechanism without R-parity [22] due
to the nontrivial dynamics of PQ fields.
Finally, we comment on the Q-ball problem [60]. If the potential of the AD field φ is flatter
than the quadratic one, the AD fields form the nontopological solitons called Q-balls [61, 62].
In this paper, we assume a gravity-mediated SUSY-breaking scenario without R-parity. In
gravity-mediated scenarios, one problem comes from the long lifetime of Q-balls. If R-parity
is conserved in this scenario, Q-balls are unstable and the late time decays of Q-balls often
overproduce the lightest supersymmetric particles (LSPs), which are candidates of cold dark
matter. Since R-parity is violated in our model, the overabundance of the LSPs could be
avoided due to the LSP decays. We leave the detailed calculation as a future work.
3.2 Saxion decay in the SUSY DFSZ model
In this section, we discuss the dynamics of the saxion S1 in more detail. During inflation,
the energy density of the saxion field should be smaller than that of the inflaton field, which
constrains the field values of S1, φ during inflation,
ρS1 , ρΦ ∼ H2infφ2 < ρinf ' 3H2infM2P . (59)
Now we have used the field values (33) during inflation and the masses of S1, φ are of O(Hinf)
as mentioned below Eq. (36). Thus, from Eqs. (33) and (59), the field values of S1, φ during
inflation have to satisfy S1, φ < MP .
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After inflation, the inflaton and saxion fields oscillate around their minimum and their
energy densities decay in proportion to R−3. Consequently, the inflaton decays at the time
treh ' 1
Γinf
'
(
90
pi2g∗
)1/2
MP
(Treh)2
' 7× 107 GeV−1
(
106.75
g∗
)1/2(
105 GeV
Treh
)2
, (60)
where g∗ denotes the effective degrees of freedom and Γinf is the total decay width of the
inflaton. On the other hand, the total decay width of saxion field depends on the sparticle
spectrum. (For more details, see e.g. Ref. [63].) When mS1 > 2µ, the saxion decays mainly
into Higgsino through the µ-term in Eq. (2). If such a decay is kinematically disallowed, the
total decay width of saxion is dominated by the saxion decay into the CP-even Higgs bosons h,
H and the gauge bosons W± and Z. Note that saxion decays into axions are suppressed in our
setup 〈S1〉 ' 〈S2〉 ' f , taking into account two PQ fields S1,2 and singlet field S0 with U(1)PQ
charges in Table 1 [64].7 It then allows us to avoid the dark radiation problem from the saxion
decay. As a result, the total decay width of the saxion8
Γ
(S1)
tot '
 14pi
(
µ0
f
)2
mS1 (mS1 > 2µ0)
7
2pi
µ40
f2mS1
(mS1 < 2µ0)
(61)
determines the decay temperature of the saxion
T
(S1)
dec '
 4.1× 10
2 GeV
(
106.75
g∗
)1/4 (
µ0
104 GeV
) (
1012 GeV
f
) ( mS1
3×104 GeV
)1/2
(mS1 > 2µ)
2.8× 103 GeV
(
106.75
g∗
)1/4 (
µ0
104 GeV
)2 (1012 GeV
f
) ( mS1
103 GeV
)1/2
(mS1 < 2µ)
, (62)
and the decay time of the saxion
t
(S1)
dec '
1
Γ
(S1)
tot
'
(
90
pi2g∗
)1/2
MP
(T
(S1)
dec )
2
' 7× 1011 GeV−1
(
106.75
g∗
)1/2(
103 GeV
T
(S1)
dec
)2
. (63)
Let us examine whether or not the saxion decay dilutes the baryon asymmetry via the entropy
production from the saxion decay. The entropy dilution factor is determined by the ratio of
the saxion decay temperature T
(S1)
dec and the saxion-radiation equality temperature Teq, that is
Teq/T
(S1)
dec . When the energy density of saxion is equal to that of radiation, Teq is given by
Teq ' 1
6
Treh
(
Sˆ01
MP
)2
' 1
6
Treh
(
Hinf
MP
)1/2
, (64)
where Sˆ01 is the VEV of Sˆ1 during inflation. In the setup discussed so far, the amplitude of
saxion Sˆ01 ' (HinfM3P )1/4 is of O(10−2MP ) with Hinf = 1011 GeV, and then Teq is not larger
than T
(S1)
dec unless Treh > O(1015 GeV). Hence, there is no entropy dilution.
7For the dark radiation constraints in models with multiple PQ multiplets, we refer to e.g., Refs. [63, 65].
8Now we consider the µ > mA where mA is the mass of the CP-odd Higgs boson.
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Finally, we comment on the lepton asymmetry generated from the saxion decay. The saxion
field S1 would be identified with the right-handed Majorana neutrino, as seen in the superpo-
tential (3). The leptogenesis scenario decaying from the Majorana neutrino has been discussed
in the thermal [66] and nonthermal epoch [67]. Since, in our case, the saxion oscillates around
its minimum soon after inflation, it is possible to generate the lepton asymmetry through the
coupling
W ' 3
(〈S1〉
MP
)2
S1LHu. (65)
Such a lepton asymmetry is determined by
n
(S1)
L
s
' δnS1
s
, (66)
where δ involves a CP asymmetry and lepton number violating factor determined by the saxion
decay at one loop level. At the reheating era, the number density of saxion nS1 becomes
nS1
s
' nS1(t
(S1)
osc )
s(treh)
ρ(treh)
ρ(t
(S1)
osc )
' 3
4
TrehmS1(t
(S1)
osc )
H2inf
(
Sˆ01
MP
)2
' 1.5× 10−10
(
Treh
105 GeV
)(
1011 GeV
Hinf
)1/2
,
(67)
where we usemS1(t
(S1)
osc ) ' Hinf and Sˆ01 ' 10−2MP . Since the lepton asymmetry n(S1)L /s is further
suppressed by the factor δ which is proportional to the effective Yukawa coupling (〈S1〉/MP )2
in Eq. (65), the saxion produced lepton asymmetry is negligible even when Treh > 10
5 GeV.
In addition, we have to estimate the lepton asymmetry, taking into account the S1 asym-
metry which is generated by the AD mechanism as shown in Figs. 1, 2, 3, and 5. The S1
asymmetry is numerically estimated as
nS1 − nS1
s
' nB
s
' 10−10, (68)
where nS1 is the number density of anti S1. Then this S1 asymmetry can be converted to lepton
asymmetry due to the saxion decay at tree level. This asymmetry is determined by
n
(S1)
L
s
' δ′nS1 − nS1
s
' 10−10δ′, (69)
where δ′ is a lepton number violating factor determined by the saxion decay at tree level. We
obtain δ′ as
δ′ =
Γ
(S1)
L
Γ
(S1)
tot
, (70)
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where Γ
(S1)
L is the decay width of the saxion coming from the lepton number violating channel
thorough the coupling (65),
Γ
(S1)
L '

∑
i
1
4pi
(
µi
f
)2
mS1 (mS1 > µ0)∑
i
1
8pi
µ4i
f2mS1
(mS1 > mL˜)
. (71)
The first line denotes the saxion decays to Higgsinos and leptons, whereas the second line
represents the saxion decays to Higgs and sleptons with mass mL˜. For f  MP , the lepton
number violating factor δ′ is estimated as
δ′ =
Γ
(S1)
L
Γ
(S1)
tot
.
(
f
MP
)2
 1. (72)
As a result, this lepton asymmetry (69) is also negligible.9
3.3 Axion isocurvature perturbation
In this model, the massless Nambu-Goldstone boson called an axion exists through the spon-
taneous symmetry breaking of the U(1)PQ. This axion is a candidate for the dark matter and
the present axion energy density is given by [68]
Ωah
2 ' 0.18θ2a
(
fa
1012 GeV
)1.19
, (73)
where θa is the misalignment angle of the axion. fa is the axion decay constant depending on
the domain wall number NDW, which is 6 for the DFSZ axion model [12],
fa =
√
2f
NDW
. (74)
For f = 1012 GeV and θa = 1.9, the axion energy density is coincident with the dark matter
energy density ΩCDM ' 0.12.
However, such a massless boson would have been problematic in the early Universe[69]. In
our model, the U(1)PQ symmetry is spontaneously broken during inflation and is not recovered
after inflation. Because of U(1)PQ symmetry breaking, the domain wall problem [70, 71] does
not occur. The PQ field S1 gets the large VEV 〈S1〉 ' 〈φ〉 ' (HinfM3P )1/4 during inflation. It
can suppress the axion isocurvature perturbation [47, 48, 49, 50]. The axion almost consists of
the linear combination of θS1 and θφ for |S1|, |φ|  f during inflation, so the axion a takes the
form,
a ' 1√
〈Sˆ1〉2 + 〈φˆ〉2
(〈Sˆ1〉2θS1 − 〈φˆ〉2θφ). (75)
9If S1 has a lepton number, S1 asymmetry can be converted to lepton asymmetry. However, the dominant
decay channel of the saxion S1 is given by Eq. (61) where the final states do not have the lepton number
and it washes out lepton asymmetry originating from S1 asymmetry. Thus, the lepton asymmetry through S1
asymmetry is determined by Eqs. (69), (70), (71).
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The PQ breaking scale v during inflation is
v ' max[〈Sˆ1〉, 〈φˆ〉] ' (HinfM3P )1/4. (76)
The power spectrum of cold dark matter (CDM) isocurvature perturbation Piso is
Piso ' r2
(
Hinf
pivθa
)2
, (77)
where r is the ratio of the present axion energy density to the matter energy density, r =
Ωah
2/Ωmh
2. The Planck constraint on the uncorrelated isocurvature perturbation [44] becomes
Hinf . 2.2× 1012 GeVθ−1a
(
1012 GeV
fa
)1.59
. (78)
Thus, the axion isocurvature perturbation is mildly suppressed due to the large v. In our
analysis, we consider Hinf ' 1011 GeV to avoid this constraint.
4 Conclusion and discussion
In this paper, we have investigated the baryon asymmetry in the SUSY DFSZ axion model
without R-parity. Such R-parity violating interactions are motivated not only by explaining
the tiny neutrino masses, but also by avoiding the cosmological gravitino and moduli problems.
In this model, the Affleck-Dine mechanism can work out via the coupling among PQ fields and
sleptons (squarks). We reveal that the R-parity violating terms produce the appropriate amount
of baryon asymmetry in the parameter region, explaining the axion dark matter abundance,
the smallness of µ- and R-parity violating interactions, and the atmospheric mass-squared
difference of neutrinos. Furthermore, in this model, the constraint for the Hubble parameter
during inflation is relaxed because the PQ breaking scale is enhanced during inflation.
Although, in this paper, we have focused on the atmospheric mass-squared difference of
neutrinos, it would be interesting to discuss in more detail the neutrino masses and flavor
mixings which will be the subject of future work. The SUSY DFSZ axion model without
R-parity may explain the structure of the neutrino masses and flavor mixings without severe
tunings of parameters.
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A General coupling between AD/PQ fields and the min-
imum during inflation
In Sec.3, we consider the PQ charges as Table 1 and udd D-flat direction. However, we can
consider other PQ charges and other D-flat directions in the AD mechanism. Therefore, in
this section, we consider the following general superpotential of the AD field and PQ fields
WAD(S1,Φ):
WAD(S1,Φ) = − γ
′Sm1 φ
n
nMn+m−3P
, (79)
where m,n are integers and γ′ is a dimensionless parameter, giving rise to the following super-
potential:
W = Winf(I) +WAD(S1,Φ) +WPQ +W
′′,
WPQ = κS0(S1S2 − f 2),
W ′′ =
(
α′′WAD(S1, φ) + β′′WPQ
)
F ∗I
MP
+ h.c., (80)
where α′′, β′′ are coupling constants. Let us investigate the minimum during inflation in this
setup. After inflation, we must numerically study the dynamics of the AD/PQ fields, and the
results depend on the detail of parameters. In this respect, we will postpone the investigation
of their dynamics for a future work, but the results will be similar to Secs. 3.1.3 and 3.1.4. Here
we consider n,m ≥ 2. In our model presented in Sec. 3, namely n = 3,m = 3, the following
calculation is simplified. We can apply the following calculation to the R-parity conserving
case.
First, we consider the scalar potential for the AD/PQ fields. We assume that the Ka¨hler
potential is the same as in Eq. (21). Then the scalar potential for the AD/PQ field is described
as
V = VHubble + Vsoft + V
′
A + V
′
F,
V ′A = (a
′
HH + amm3/2)
γ′Sm1 φ
n
nMn+m−3P
+ (b′HH + b
′
mm3/2)κS0(S1S2 − f 2) + h.c.,
V ′F = |κ|2|S1S2 − f 2|2 +
∣∣∣∣κS0S2 − mγ′Sm−11 φnnMn+m−3P
∣∣∣∣2+|κ|2|S0S1|2 + |γ′|2|S1|2m|φ|2(n−1)M2n+2m−6P , (81)
where VHubble and Vsoft are the same as in Eqs. (23) and (24).
Let us investigate a minimum of the potential. Ignoring the soft supersymmetry-breaking
effect, the phase-dependent term in this potential is
Vphase = −2κˆ2f 2Sˆ1Sˆ2 cos(θS1 + θS2)− 2κˆγˆ′Sˆ0Sˆ2
mSˆ1
m−1
φˆn
nMn+m−3P
cos(θS0 + θS2 − (m− 1)θS1 − nθφ + ζ ′)
− 2κˆbˆ′H(HSˆ0)Sˆ1Sˆ2 cos(θS0 + θS1 + θS2 + η′) + 2κˆbˆ′Hf 2(HSˆ0) cos(θS0 + η′)
− 2γˆ′aˆHH Sˆ1
m
φˆn
nMn+m−3P
cos(mθS1 + nθφ + ξ
′), (82)
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where ζ ′, η′, ξ′ are some numerical constants. Then the minimum of the phases are
〈θS1 + θS2〉 ' 0,
〈θS0 + θS2 − (m− 1)θS1 − nθφ〉 ' −ζ ′,
〈mθS1 + nθφ〉 ' −ξ′. (83)
We assume that H|S0| < f 2 which is confirmed in the same way as in Sec. 3.1.2. We set all
dimensionless parameters as O(1). Ignoring the soft mass terms, the first derivatives in each
radial direction of field at the minima of the phase directions are
∂V
∂Sˆ0
' 2κˆSˆ2
(
κˆSˆ0Sˆ2 − mγˆ
′Sˆ1
m−1
φˆn
nMn+m−3P
)
+2κˆ2Sˆ0Sˆ1
2
+ 2c0H
2Sˆ0,
∂V
∂Sˆ1
' 2κˆ2Sˆ2
(
Sˆ1Sˆ2 − f 2
)
−2m(m− 1)γˆ
′Sˆ1
m−2
φˆn
nMn+m−3P
(
κˆSˆ0Sˆ2 − mγˆ
′Sˆ1
m−1
φˆn
nMn+m−3P
)
+ 2κˆ2Sˆ0
2
Sˆ1 +
2m(γˆ′)2Sˆ1
2m−1
φˆ2(n−1)
M2n+2m−6P
− 2mγˆ
′aˆHHSˆ1
m−1
φˆn
nMn+m−3P
− 2c1H2Sˆ1,
∂V
∂Sˆ2
' 2κˆ2Sˆ1
(
Sˆ1Sˆ2 − f 2
)
+2κˆSˆ0
(
κˆSˆ0Sˆ2 − mγˆ
′Sˆ1
m−1
φˆn
nMn+m−3P
)
+2c2H
2Sˆ2,
∂V
∂φˆ
' −2mγˆ
′Sˆ1
m−1
φˆn−1
Mn+m−3P
(
κˆSˆ0Sˆ2 − mγˆ
′Sˆ1
m−1
φˆn
nMn+m−3P
)
+
2(n− 1)(γˆ′)2Sˆ12mφˆ2n−3
M2n+2m−6P
− 2γˆ
′aˆHHSˆ1
m
φˆn−1
Mn+m−3P
− 2c3H2φˆ. (84)
From the extremal conditions ∂V
∂φˆi
= 0, one of the extrema is given by
〈Sˆ0〉 = κˆ〈Sˆ2〉
κˆ2〈Sˆ1〉2 + κˆ2〈Sˆ2〉2 + c0H2
mγˆ′〈Sˆ1〉m−1〈φˆ〉n
nMn+m−3P
,
〈Sˆ2〉 ' f
2
〈Sˆ1〉
, 〈Sˆ1〉 ' k′〈φˆ〉,
〈φˆ〉 '
(k′m−2m
n
aˆH +
√
k′2mm
2
n2
aˆ2H + 4c1(k
′2m−4m2(m−1)
n2
+ k′2m−2m)
2(k′2m−4m
2(m−1)
n2
+ k′2m−2m)
HMn+m−3P
γˆ′
) 1
n+m−2
, (85)
where k′ is some numerical constant which depends on aˆH , c1, c2, n, and m. To get this extrema,
we must satisfy the following condition during inflation,
〈Sˆ1〉 & f. (86)
Note that in Sec.3, Eq. (86) is satisfied under H > mφ and f ' 1012 GeV. From the potential
and Eq.(86), S0 and S2 obtain large positive masses of 〈Sˆ1〉. Thus, we assume that Sˆ0, Sˆ2, and
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all phase directions are fixed at the minimum. Then the mass matrix of Sˆ1 and φˆ is
1
2

∂2V
∂Sˆ1∂Sˆ1
∂2V
∂Sˆ1∂φˆ
∂2V
∂φˆ∂Sˆ1
∂2V
∂φˆ∂φˆ
 , (87)
where
1
2
∂2V
∂Sˆ1∂Sˆ1
' m
2(m− 1)(2m− 3)(γˆ′)2Sˆ12m−4φˆ2n
n2M2n+2m−6P
+
m(2m− 1)(γˆ′)2Sˆ12(m−1)φˆ2(n−1)
M2n+2m−6P
− m(m− 1)γˆ
′aˆHHSˆ1
m−2
φˆn
nMn+m−3P
− c1H2, (88)
1
2
∂2V
∂Sˆ1∂φˆ
' 2m
2(m− 1)(γˆ′)2Sˆ12m−3φˆ2n−1
nM2n+2m−6P
+
2(n− 1)m(γˆ′)2Sˆ12m−1φˆ2n−3
M2n+2m−6P
− mγˆ
′aˆHHSˆ1
m−1
φˆn−1
Mn+m−3P
, (89)
1
2
∂2V
∂φˆ∂φˆ
' m
2(2n− 1)(γˆ′)2Sˆ12(m−1)φˆ2(n−1)
nM2n+2m−6P
+
(2n− 3)(n− 1)(γˆ′)2Sˆ12mφˆ2n−4
M2n+2m−6P
− (n− 1)γˆ
′aˆHHSˆ1
m
φˆn−2
Mn+m−3P
− c3H2. (90)
One can realize the positive eigenvalues of Eq. (87) under |aH |  c1, c3.
References
[1] Y. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 81, 1562 (1998).
[2] P. Minkowski, Phys. Lett. 67B (1977) 421428.
[3] T. Yanagida, Conf. Proc. C7902131 (1979) 9599.
[4] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc. C790927 (1979) 315321,
arXiv:1306.4669 [hep-th].
[5] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.
[6] J. Schechter and J. W. F. Valle, Phys. Rev. D22 (1980) 2227.
[7] L. J. Hall and M. Suzuki, Nucl. Phys. B 231, 419 (1984).
[8] R. Barbier et al., Phys. Rept. 420 (2005) 1 [hep-ph/0406039].
26
[9] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. Lett. 96 (2006) 211301 [hep-
ph/0602061].
[10] S. Nakamura and M. Yamaguchi, Phys. Lett. B 638 (2006) 389 [hep-ph/0602081].
[11] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D 73 (2006) 123518 [hep-
ph/0604140].
[12] M. Dine, W. Fischler and M. Srednicki, Phys. Lett. B 104, 199 (1981); A. R. Zhitnitsky,
Sov. J. Nucl. Phys. 31, 260 (1980) [Yad. Fiz. 31, 497 (1980)].
[13] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).
[14] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[15] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[16] J. Preskill, M. B. Wise and F. Wilczek, Phys. Lett. 120B, 127 (1983); L. F. Abbott and
P. Sikivie, Phys. Lett. 120B, 133 (1983); M. Dine and W. Fischler, Phys. Lett. 120B, 137
(1983).
[17] A. D. Linde, Contemp. Concepts Phys. 5, 1 (1990), hep-th/0503203.
[18] D. H. Lyth and A. Riotto, Phys. Rept. 314, 1 (1999), hep-ph/9807278.
[19] S. Weinberg, Cosmology (Oxford University Press, 2008).
[20] I. Affleck and M. Dine, Nucl. Phys. B 249 (1985) 361.
[21] M. Dine, L. Randall and S. D. Thomas, Nucl. Phys. B 458 (1996) 291 [hep-ph/9507453].
[22] T. Higaki, K. Nakayama, K. Saikawa, T. Takahashi and M. Yamaguchi, Phys. Rev. D90
(2014) no.4, 045001 [arXiv:1404.5796 [hep-ph]].
[23] K. J. Bae, H. Baer, K. Hamaguchi and K. Nakayama, JHEP 1702 (2017) 017
[arXiv:1612.02511 [hep-ph]].
[24] K. Akita, T. Kobayashi and H. Otsuka, JCAP 1704, no. 04, 042 (2017) [arXiv:1702.01604
[hep-ph]].
[25] K. Abe et al., (2011), 1109.3262.
[26] S. P. Martin, Adv. Ser. Direct. High Energy Phys. 21 (2010) 1, arXiv: hep-ph/9709356.
[27] J. E. Kim and H. P. Nilles, Phys. Lett. 138B (1984) 150.
[28] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147 (1979) 277.
[29] I. Hinchliffe and T. Kaeding, Phys.Rev. D47, 279 (1993).
27
[30] B. A. Campbell, S. Davidson, J. R. Ellis, and K. A. Olive, Phys. Lett. B256 (1991) 484.
[31] W. Fischler, G. F. Giudice, R. G. Leigh, and S. Paban, Phys. Lett. B258 (1991) 45.
[32] H. K. Dreiner and G. G. Ross, Nucl. Phys. B410 (1993) 188, [hep-ph/9207221].
[33] M. Endo, K. Hamaguchi, and S. Iwamoto, JCAP 1002 (2010) 032, [arXiv:0912.0585].
[34] Y. Ema, K. Hamaguchi, T. Moroi, and K. Nakayama, JHEP 1701 (2017) 096,
[arXiv:1612.05492].
[35] Y. Ema, D. Hagihara, K. Hamaguchi, T. Moroi, and K. Nakayama, JHEP 1804 (2018)
094, [arXiv:1802.07739].
[36] L. Calibbi, F. Goertz, D. Redigolo, R. Ziegler, and J. Zupan, Phys. Rev. D95 (2017) no.9,
095009, [arXiv:1612.08040].
[37] R. Barbier, C. Berat, M. Besancon, M. Chemtob, A. Deandrea, et al., Phys.Rept. 420, 1
(2005), hep-ph/0406039.
[38] Y. Kao and T. Takeuchi (2009), 0910.4980.
[39] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B155, 36 (1985).
[40] A.S. Joshipura and M. Nowakowski, Phys. Rev. D51 (1995) 2421.
[41] F. Takayama and M. Yamaguchi, Phys. Lett. B 476 (2000) 116 doi:10.1016/S0370-
2693(00)00104-0 [hep-ph/9910320].
[42] M. Hirsch, M. A. Diaz, W. Porod, J. C. Romao and J. W. F. Valle, Phys. Rev. D 62 (2000)
113008 Erratum: [Phys. Rev. D 65 (2002) 119901] [hep-ph/0004115].
[43] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, and T. Schwetz, JHEP
01 (2017) 087, arXiv:1611.01514 [hep-ph].
[44] Y. Akrami et al. [Planck Collaboration], arXiv:1807.06211 [astro-ph.CO].
[45] A. de Gouvea, T. Moroi, and H. Murayama, Phys. Rev. D56, 1281 (1997), hep-ph/9701244.
[46] H. P. Nilles, Phys.Rept. 110, 1 (1984).
[47] A. D. Linde and D. H. Lyth, Phys. Lett. B 246, 353 (1990).
[48] A. D. Linde, Phys. Lett. B 259, 38 (1991).
[49] M. Kawasaki, N. Sugiyama and T. Yanagida, Phys. Rev. D 54, 2442 (1996) [hep-
ph/9512368].
[50] M. Kawasaki and K. Nakayama, Phys. Rev. D 77, 123524 (2008) [arXiv:0802.2487 [hep-
ph]].
28
[51] J. Yokoyama, Astropart.Phys. 2, 291 (1994).
[52] K. Enqvist and J. McDonald, Phys.Rev.Lett. 83, 2510 (1999), hep-ph/9811412.
[53] K. Enqvist and J. McDonald, Phys.Rev. D62, 043502 (2000), hep-ph/9912478.
[54] M. Kawasaki and F. Takahashi, Phys.Lett. B516, 388 (2001), hep-ph/0105134.
[55] S. Kasuya, M. Kawasaki, and F. Takahashi, JCAP 0810, 017 (2008), hep-ph/0805.4245.
[56] K. Kadota, T. Kobayashi and H. Otsuka, JCAP 1601 (2016) no.01, 044 [arXiv:1509.04523
[hep-ph]].
[57] K. Schmitz and T. T. Yanagida, arXiv:1806.06056 [hep-ph].
[58] K. Kamada and J. Yokoyama, Phys.Rev. D78 (2008) 043502, arXiv:0803.3146 [hep-ph].
[59] K. Mukaida and K. Nakayama, JCAP 1301, 017 (2013) [arXiv:1208.3399 [hep-ph]].
[60] S. Coleman, Nucl. Phys. B 262, 263 (1985).
[61] A. Kusenko and M. Shaposhnikov, Phys. Lett. B 418, 46 (1998) [hep-ph/9709492].
[62] S. Kasuya and M. Kawasaki, Phys. Rev. D 61, 041301 (2000) [hep-ph/9909509];
S. Kasuya and M. Kawasaki, Phys. Rev. D 62 (2000) 023512 [hep-ph/0002285].
[63] K. J. Bae, H. Baer and E. J. Chun, JCAP 1312 (2013) 028 [arXiv:1309.5365 [hep-ph]].
[64] E. J. Chun and A. Lukas, Phys. Lett. B 357 (1995) 43 [hep-ph/9503233].
[65] K. J. Bae, H. Baer and A. Lessa, JCAP 1304 (2013) 041 [arXiv:1301.7428 [hep-ph]].
[66] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45.
[67] T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Lett. B 464 (1999) 12
[hep-ph/9906366].
[68] L. F. Abbott and P. Sikivie, Phys. Lett. 120B (1983) 133; J. Preskill, M. B. Wise and F.
Wilczek, Phys. Lett. 120B (1983) 127; M. Dine and W. Fischler, Phys. Lett. 120B (1983)
137; M. S. Turner, Phys. Rev. D 33 (1986) 889; K. J. Bae, J. H. Huh and J. E. Kim, JCAP
0809 (2008) 005; L. Visinelli and P. Gondolo, Phys. Rev. D 80 (2009) 035024.
[69] M. Kawasaki and K. Nakayama, Ann. Rev. Nucl. Part. Sci. 63, 69 (2013) [arXiv:1301.1123
[hep-ph]].
[70] Y. B. Zeldovich, I. Y. Kobzarev and L. B. Okun, Zh. Eksp. Teor. Fiz. 67, 3 (1974) [Sov.
Phys. JETP 40, 1 (1974)].
[71] P. Sikivie, Phys. Rev. Lett. 48, 1156 (1982).
29
